Background 1 0
ends inherited from splicing) this is one more evidence for the 2-lever model. In contrast with the 1 canonical miRNAs the mirtrons have higher snp densities and their pre-miRNAs are inversely 2 associated with diseases. Therefore we supported the view that mirtrons are under positive 3 selection while canonical miRNAs are under negative one and we suggested that mirtrons are an 4 intrinsic source of silencing variability which produces the disease-promoting variants. Finally, 5 we considered the interference of the pre-miRNA structure and the U2snRNA:pre-mRNA 6 basepairing. We analyzed the location of the branchpoints and found that mirtron structure tends 7 to expose the branchpoint site what suggests that the mirtrons can readily evolve from occasional 8 hairpins in the immediate neighbourhood of the 3′ splice site. The miRNA biogenesis manifests itself in the footprints of the secondary structure. Close 1 1 the closing pair of the miRNA duplex regardless of its structural state, single-stranded or double-1 stranded, rather than a length of hanging end. 2 To estimate the occurrence of the atypical overhangs we study the overhang lengths, 3 considering the mirtrons as a separate miRNA class. Unlike the canonical miRNAs, the mirtrons 4 use splicing to bypass Drosha cleavage. The mirtron database consists mainly of human and 5 mouse mirtrons [56] , therefore we consider four miRNA sets: animal miRNAs (1), animal 6 miRNAs without human and mouse ones (2), human and mouse non-mirtrons (3) and mirtrons 7 (4). The third set contains only few numbers of known non-canonical miRNAs which could not 8 significantly influence on. corresponding overhang types is schematically shown (D) . Negative values correspond to an 1 5 atypical 5' overhangs. The long overhangs on the panel D correspond to structure prediction 1 6 errors and are described further in the text. These overhangs are not shown on the panels A and 1 7 Figures 1A-1C show the overhang length distributions of the miRNA duplexes from three of The canonical overhang lengths for both cleavage sites are well-known to be equal to 2nt, 1 what is actually observed on figures 1A and 1B where all the length distributions peak at 2nt. 2 The overhang distributions of the Dicer and Drosha cleavage sites are similar and asymmetrical 3 (figures 1A and 1B). The overhangs are more readily shortening what could be explained either 4 by more frequent exosome cutting of the 3′ miRNA end than of the 5′ one [68] and/or by the 3′ 5 cleavage site shifting inside the duplex. 6 The Drosha overhang distribution closely matches the Dicer's one ( figure 1B) The introns usually have sequence conservations at the 5′ end (GU) and at the 3′ end (AG).
7
While the majority of mirtrons are tailed and lose one of the intron ends during the exosome the dependence of the overhang lengths for both cleavage sites of animal miRNAs (figure 1D).
5
Indeed, we observe significant linear dependence (ρ=0.338, P = 2.42×10 -183 , Spearman's rank The overhang lengths interdependence can be also verified in biochemical studies (for To understand the nature of this correlation, as the null hypothesis we considered the 2-1 7 parametric model of independent overhang lengths and fitted the length frequencies ( the overhang length (Additional file 4).
4
We suggest that this correlation reflects the organization of the pre-miRNA/Dicer complex.
5
The pre-miRNA/Dicer complex consists of the sub-units that move as a whole, what appears as a Unfolding this 2-lever model we note that these levers should differ in their rigidity. One Another evidence in favor of the lever mechanism is the more pronounced heterogeneity of 1 6
the Dicer cleavage site for mirtrons in which the overhang lengths of the splicing site are more 1 7
variable and the ends are often freely hanging (see next two sections of this paper) thus forming 1 8 different spatial distances between each other. The pre-miRNA secondary structure, as well as the nucleotide sequence, can influence the and its precision (i.e., the fraction of the most probable miRNA) also fulfills the so-called "loop- Gu and co-authors were focused on the Dicer cleavage site. We inspect how the loop-counting 1 rule makes itself evident in the distance between miRNA end and the single-stranded regions and 2 answer the question "Is there something like the loop-counting rule for the Drosha cleavage 3 site?". Expecting structural difference between canonical and non-canonical pre-miRNAs we 4 explore separately mirtrons and non-mirtrons.
As one can see on figure 2A the loop-counting rule appears as a pronounced peak at 2nt 6 which contains approximately 40% of animal miRNAs (excluding human and mouse ones). The 7 remaining cases are partially referred to the incorrect prediction of the pre-miRNA secondary 8 structures (Additional file 2) and to the fact that the structure is locally unstable in the loop 9 neighbourhood. The blue peak (5′ end of the 5′ miRNA) is even more pronounced, this miRNA 1 0 end is located immediately before the single-stranded region ( figure 2A ). This suggests that the 1 1 loop-counting rule for the Drosha cleavage site exists as well. correspond to the distances to the nearest single-stranded nucleotide outside the miRNA. The 2 0 negative values are the numbers of nucleotides that must be cut off from the miRNA to reach the 2 1 nearest loop in the miRNA. The distance 0 is observed for those miRNA ends that are exactly at 2 2 the boundary of the single-stranded region. The distance frequencies for all animal miRNAs (not 2 3
shown) are the sum of results for all datasets and are only slightly different from the observations 2 4
A and B. their ends at the hairpin base are located at 0-1nt distance from the single-stranded region 2 0
(figures 2C and 2D). Some of these mirtron pre-miRNAs are not produced immediately by 2 1
splicing, but are rather derived by further cropping the single-stranded regions by exonucleases.
2
Thus the pre-miRNA secondary structure is an important factor for precise recognition of both defined that may be useful for their validation. sequence we plotted the dependence of the UNF on the nucleotide substitution rate taken from 2 6 1 5
[62]. Although the correlation between the UNF and the substitution rate is significant 1 (P=2.76×10 -6 ), this dependence is stepwise rather than linear ( figure 2B ). The step is formed by 2 two groups of positions (grey and white regions) in each of them the dependence does not exist. where the loops are more variable.
1 0
On figures 3A and 3B we observe three variable and, at the same time, single-stranded 1 1 miRNA regions: the center and the ends. The 5′ miRNA end together with the mismatches at 1 2 miRNA center are responsible for Ago-protein sorting, as it was shown for some animal species (79%) is single stranded and quite often survives after the intron cropping by exonucleases [31].
0
Its opposite end of the 3′ pre-miRNA is also often single-stranded and uses to be immediately may affect the miRNA functions and subsequently result in the phenotype changes and diseases so that some miRNAs could appear as the diseases-prediction biomarkers. These SNPs cou 1 potentially alter miRNA maturation, silencing machinery, pri-/pre-/miRNA structure, miRN 2 expression and target binding [72] .
3
The previous papers have produced the controversial values of the SNP densities (red a 4 yellow bars, figure 4A ) [73, 74] . Therefore, we recalculated the SNP density using the lat 5 human SNPs in the pre-miRNAs and their flanks. Returning to the keynote of our paper 6 consider separately the SNP densities of non-mirtrons and mirtrons (blue and green ba 7 correspondingly, figure 4A ). The region regarding the canonical miRNAs can be divided into two parts of equal 4 conservation: miRNA sequence and pre-miRNA (excluding the miRNA) with its flanks (figure 5 4A). This confirms only one relation in the previously found hierarchy of the SNP densities 6 (seed < miRNA < pre-miRNA < flanks) [60, 72, 73] . In particular, the small difference between 7 the seed and the rest of the miRNA (figure 4A, red bars) became even weaker (blue bars).
8
The miRNA sequence is saturated with functional sites (seed, additional binding site, etc.).
9
Besides, miRNA duplex holds a most part of its pre-miRNA and thus carries the main burden of 1 0 responsibility for forming the pre-miRNA hairpin. The rest of the pre-miRNA and its flanks also observation that the pre-miRNAs and their flanks have greater SNP density than the miRNA 1 4 sequences ( figure 4A ).
5
The other reason of hierarchy disappearing could be that the updates of miRBase and dbSNP 1 6 cause the SNP density to increase throughout the regions and the difference between them to 1 7 smooth off. For example, the dbSNP can rapidly accumulate rare SNPs and the miRBase -less 1 8 conserved sequences. We consider this in the last section where we test the robustness of our 1 9
results. As it turned out, the hierarchy of the SNP densities is being restored for common SNPs 2 0 in the robust miRNAs.
1
In the mirtrons the SNPs take place more frequently than in other miRNAs and pre-miRNAs contrast with the non-mirtrons, SNPs proceed in the mirtron pre-miRNAs more frequently than To characterize the branchpoint distribution more closely we analyzed its locations along pre-1 7 miRNA sequences and found that the branchpoint often appears in terminal loop or in 3' pre-1 8 miRNA strand ( Figure 5A ). In those cases when it was found in terminal loop, the pre-miRNA 1 9
hairpin is most frequently as short as possible ( figure 5B) . When branchpoint is located in 3' 2 0 strand, its site is more likely to be 6-8 nt away from the terminal loop overlapping with the Dicer structure tends not to shield the branchpoint (therefore not to block the U2:mirtron basepairing) 2 5 but rather to fix branchpoint and 3′ splice site mutual disposition. 4640, hsa-mir-5010, hsa-mir-6746). Therefore, we considered only the non-mirtrons.
2
We found that most of our results for non-mirtrons are stable against the miRBase reducing to became more contrasting, especially for the SNP densities. Generally, the SNP densities 1 5 decreased up to 1.5-times and the difference in the densities of the pre-miRNA and its flanks re-1 6 appeared. After additionally removing the rare SNPs [82] the densities decreased much stronger 1 7
and their hierarchy was completely restored (seed < miRNA < pre-miRNA < flanks, Additional diseases. Therefore we speculate that mirtrons are a rich source of disease-promoting variants 1 (figure 4B). Dicer movements where the distance between RNase IIIA/IIIB cleavage sites fits the distance 1 5
between pre-miRNA ends. In mirtron pre-miRNAs both ends are typically hanging and their 1 6 distance varies widely thus increasing the Dicer cleavage imprecision. Also the mirtron hairpin 1 7 brings together the splice sites for 60-80nt closer, exposes branchpoint site and adjusts it on the 1 8 3′ splice site. The mirtron structure appears to be well suited to the splicing and thus the mirtrons The secondary structure of pri-/pre-miRNAs appears also in their evolution, in particular, in 28. Ruby JG, Jan CH, Bartel DP. Intronic microRNA precursors that bypass Drosha processing. 
